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SUMMARY 

An e i g h t - m o n t h  s t u d y  and e x p e r i m e n t a l  p rog ram w a s  
u n d e r t a k e n  w i t h  t h e  p r i n c i p a l  o b j e c t i v e  of i n v e s t i g a t i n g  
a new phosphorus  p e n t o x i d e  c e l l .  T h i s  c e l l  was t o  be u s e d  

w i t h  t h e  X R I  m o i s t u r e  meter wh ich ,  u n d e r  a p r e v i o u s  c o n t r a c t ,  
h a s  been  a d a p t e d  for p o s s i b l e  i n c l u s i o n  on  a n  i n s t r u m e n t  

package  t o  be u s e d  t o  p r o b e  t h e  M a r t i a n  a t m o s p h e r e .  

The new c e l l  w a s  b a s e d  on  a t h i n  f i l m  c o n c e p t  and  

f a b r i c a t e d  by vacuum d e p o s i t i o n  t e c h n i q u e s .  I t  w a s  a n t i -  
c i p a t e d  t h a t  s u c h  a n  a p p r o a c h  would a f f o r d  a n  improvement  

i n  s e n s i t i v i t y  and  r e s p o n s e  t i m e .  N e c e s s a r y  equ ipmen t  was 
a s s e m b l e d  and  p r o t o t y p e  t e s t  c e l l s  were p roduced  w i t h  
v a r i o u s  c o m b i n a t i o n s  of e l e c t r o d e  ma te r i a l s .  

The c e l l s  f u n c t i o n e d  as a n t i c i p a t e d  a t  h i g h  m o i s t u r e  

l e v e l s  b u t  d e m o n s t r a t e d  a p p a r e n t l y  anomalous  b e h a v i o r  a t  
l o w  m o i s t u r e  l e v e l s .  A s  a r e s u l t  o f  a s t u d y  of t h i s  
p rob lem some e x p l a n a t i o n s  were h y p o t h e s i z e d  based on  t h e  
s u r f a c e  c h e m i s t r y  of t h e i r  f i l m s .  

l i f e  of t h e  t u b u l a r  c e l l  and t h e  f l a t  p l a t e  a l l  t e n d e d  t o  
show t h a t  t h e  c l o s e d  g e o m e t r i c a l  c o n f i g u r a t i o n s  c o u l d  e x i s t  
i n  a s p a c e  e n v i r o n m e n t  f o r  l e n g t h y  p e r i o d s  b u t  t h a t  t h e  

e x p o s e d  f l a t  p l a t e  c o u l d  n o t .  

A s t u d y  of t h e  e x p e c t e d  

The r e q u i r e m e n t  for f u r t h e r  deve lopmen t  of a low 
p r e s s u r e  pump w a s  d e l e t e d .  
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I. DISCUSSION OF THE PROBLEM 

A .  Reasons  f o r  t h e  New Geometrv 

Dur ing  t h e  c o u r s e  of t h e  work c o n d u c t e d  u n d e r  
t h e  f i r s t  p h a s e  of t h i s  c o n t r a c t  t h e  n e e d  f o r  c e r t a i n  

improvements  i n  t h e  m o i s t u r e  s e n s i n g  s y s t e m  were 

e v i d e n t .  I n  p a r t i c u l a r  it w a s  f e l t  d e s i r a b l e  t o  

i n v e s t i g a t e  t h e  p o s s i b i l i t y  of i m p r o v i n g  t h e  s e n s i -  
t i v i t y  and  r e l i a b i l i t y  of t h e  P 2 O 5  m o i s t u r e  s e n s i n g  

e l e m e n t  i t s e l f .  The a r e a s  i n  which  improvement  would 

be  most welcome are  summarized below: 

1. The s e n s i t i v i t y  s h o u l d  b e  i n c r e a s e d .  

2 .  The r e l a t i v e l y  l a r g e  volume of e l e c t r o l y t e  across  
which no p o t e n t i a l  g r a d i e n t  e x i s t s  m a i n r a i n s  
s i n k s  of m o i s t u r e  which l i m i t  t h e  r e s p o n s e  t o  
d e c r e a s i n g  m o i s t u r e  l e v e l s  and  i n c r e a s e  t h e  t i m e  
r e q u i r e d  f o r  bake-out  a f t e r  p e r i o d s  of i n o p e r a t i o n .  

3 .  The t u b u l a r  u n i t  i s  q u i t e  s u s c e p t i b l e  t o  b l o c k a g e  

c a u s e d  e i t h e r  by r e d i s t r i b u t i o n  of t h e  p h o s p h o r u s  

p e n t o x i d e  d u r i n g  t h e  v i o l e n t  e v o l u t i o n  of g a s e s  
f o l l o w i n g  s a t u r a t i o n  or by t h e  i n g e s t i o n  of 
f o r e i g n  p a r t i c l e s .  B lockages  h a v e  a l so  o c c u r r e d  
due  t o  t h e  growth of n o n - d e l i q u e s c e n t  c r y s t a l s  i n  

t h e  a i r  sample  p a s s a g e .  

4 .  The e l e c t r o d e s  f r e q u e n t l y  l o o s e n  and become s h o r t e d  
due  t o  t h e  i n h e r e n t l y  weak bond ing  of t h e  c o i l s  t o  
t h e  c o n t a i n i n g  g l a s s  t u b e .  

B .  Cho ice  of C o n f i g u r a t i o n  

The f i r s t  p h a s e  of t h i s  s t u d y  and  e x p e r i m e n t a l  

p rogram e x c l u s i v e l y  u t i l i z e d  t h e  t u b u l a r  s e n s o r  e l e m e n t  

which h a s  been  d e s c r i b e d  by Keidel :" .  The e x p e r i m e n t s  

' :Keidel,  F . A . ,  1 9 5 9 :  D e t e r m i n a t i o n  o f  Water by Direct  
Amperometr ic  ? l easu remen t .  J .  A n a l .  Chem., -- - 3 1 ,  2 0 4 3 - 8 .  
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which  were c o n d u c t e d  a t  t h a t  t i m e  i n d i c a t e d  t h e  p o s s i -  

b i l i t y  of some s h o r t o o m i n g s  of t h i s  c o n f i g u r a t i o n  
when v e r y  f a s t  r e s p o n s e s  t o  v e r y  s m a l l  c h a n g e s  i n  
v e r y  small t o t a l  amounts of water v a p o r  a re  r e q u i r e d .  
F i g .  7 w i l l  show a s e c t i o n  of t h e  i n t e r n a l  h e l i c a l l y  
c o i l e d  e l e c t r o d e s  i n s i d e  t h e  g l a s s  wal ls  of t h e  s e n s o r .  

If i t  i s  assumed t h a t  d i s s o c i a t i o n  of t h e  h y d r a t i n g  
water  m o l e c u l e s  t a k e s  p l a c e  o n l y  where t h e r e  e x i s t s  a 

s u i t a b l e  p o t e n t i a l  g r a d i e n t ,  t h e n  it c a n  b e  s e e n  t h a t  
t h e r e  i s  much s u r f a c e  area and  c o n s i d e r a b l e  volumes 
of e l e c t r o l y t e  which  a re  c o n t a i n e d  by l i n e s  of e q u a l  
p o t e n t i a l .  I n  a chang ing  s i t u a t i o n  a n  e q u i l i b r i u m  
m. l l l U V  3 c + c bc y ~ - ~ h z d  hetr.Ieen +he cnncentration of t h e  e lec-  

t r o l y t e  and  t h e  p a r t i a l  of water v a p o r  which  i s  i n  
c o n t a c t  w i t h  i t .  Where t h e  geomet ry  of t h e  c e l l  d o e s  
n o t  p r o v i d e  s u f f i c i e n t  p o t e n t i a l  g r a d i e n t  t o  m a i n t a i n  
e l e c t r o l y t i c  a c t i o n ,  t h e  e q u i l i b r i u m  mus t  b e  e f f e c t e d  

t h r o u g h  d i f f u s i o n  by v i r t u e  of t h e  c h e m i c a l  g r a d i e n t .  
I n  o r d e r  t o  m i n i m i z e  r e s p o n s e  t i m e ,  i t  i s  d e s i r a b l e  

t h e r e f o r e  t o  a d o p t  a geometr ical  c o n f i g u r a t i o n  which  
m i n i m i z e s  t h e s e  i s o l a t e d  volumes or s i n k s .  

S e v e r a l  p o s s i b i l i t i e s  were c o n s i d e r e d  b u t  none 

a p p e a r e d  t o  b e  s o  p r o m i s i n g  or as s i m p l e  as t h e  
a p p r o a c h  b a s e d  on  a vacuum d e p o s i t e d  g r i d  of e l e c t r o d e s  

b r i d g e d  by a t h i n  f i l m  of d e p o s i t e d  p h o s p h o r u s  p e n t -  
o x i d e  (see F i g .  8 ) .  B a s i c a l l y  t h e  e l e m e n t s  would b e  
f l a t  p l a t e s  two o r  more of which  c o u l d  b e  a s s e m b l e d  

w i t h  s p a c e r s  t o  form a c l o s e d  c h a n n e l  t h r o u g h  which  t h e  
sample  c o u l d  be  pumped. A s  a n  a d d i t i o n a l  i n c e n t i v e  f o r  
i t s  d e v e l o p m e n t ,  t h e  f l a t  p l a t e  s e n s o r  by i t s e l f  m i g h t  
s e r v e  as a v e r y  s e n s i t i v e  e l e m e n t  which c o u l d  be  
d i r e c t l y  exposed  t o  t h e  a i r  stream l i k e  a c o n v e n t i o n a l  

2 



meteorological dropsonde sensor. Data derived from 
such systems normally depend f o r  their interpretation 
upon an empirical calibration based on their assumed 
trajectory and other interrelated information which 
is collected simultaneously by the package. The 
more complicated, self-contained, moisture meter with 
its mass flow sensor and servo-controlled pump does 
provide directly a signal proportional to the absolute 
value of the local mixing ratio by weight and is 
reasonably independent of such other parameters as 
temperature, pressure, and air speed. Ideally, however, 
readings obtained from this device would be related to 
these other atmospheric variables; and if, in fact, 
they are recorded, then the flat plate device by itself 
would provide a light weight and uncomplicatea bur 
dependent information source, involving no moving parts, 
and therefore probably would be as reliable as it would 
be simple. 

Selections of system components must obviously be 
made in the light of the total system requirements, but 
the flat plate geometry does afford an alternative which 
the tubular geometry does not. 

During many hundreds of hours of operation in this 
series of experiments it has been observed that the 
small passageway (0.020 inch) necessary for good collec- 
tion efficiency within a reasonable length has a 
tendency to become blocked. It is thought that this 
might be caused by the formation of observed, but as 
yet unidentified, needle-like crystals. The thin rec- 
tangular passageway of the flat plate configuration was 
thought to be less susceptible to blockage by a single 
crystal. F o r  the same reason, mal-function due to 
blockage by the ingestion of small solid particles 

3 



would be quite unlikely. When excess amounts of water 
have been absorbed by the phosphorus pentoxide during 
periods of inoperation, it has been observed that the 
initial evolution of gas following turn on is suffi- 
ciently violent to cause bubbles which, in traveling 
along the passageway, transport and redistribute the 
hydrated phosphorus pentoxide in such a way that it 
forms bridges across the tube. Such bridges or 
blockages once formed can only be cleared by allowing 
the material to be redissolved, which requires at least 
a prolonged period of inoperation with exposure to 
moisture. Once again it was thought that the rectangu- 
lar geometry would overcome this occasional but 
nevertheless serious shortcoming. Obviously this 
problem could also De alleviarea by r n d i i i L d L i i i i i 5  ?;-le: 

sensor in an absolutely dry condition during standby or 
by very slow electrolytic concentration of the solution 
at the start of operation. The bonding of the concen- 
tric platinum electrode coils to the glass tube of the 
sensor was difficult to effect with consistent relia- 
bility, particularly at the ends. Since the separation 
between adjacent electrodes is only 0.005 inch, a small 
displacement of the coils causes an electrical short 
which renders the system completely inoperative. 

By means of careful fabrication, inspection, and 
operation a measure of control may be achieved over 
each of the shortcomings of the tubular configuration 
which has been cited, but the possibility of avoiding 
them and at the same time improving the characteristics 
of the sensor appeared to be worth the experimental 
effort of investigating the vacuum-deposited flat-plate 
approach. 

4 
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C .  E f fec t s  of Space  P r e s s u r e  Envi ronment  o n  t h e  
L i f e  of t h e  P ~ O C  S e n s o r  1,ife 

Phosphorus  p e n t o x i d e  h a s  a r e l a t i v e l y  h i g h  v a p o r  
p r e s s u r e .  If t h e  d e v i c e  i s  exposed  t o  t h e  s p a c e  

p r e s s u r e  e n v i r o n m e n t  phosphorus  p e n t o x i d e  w i l l  be  l o s t  
from t h e  a c t i v e  s u r f a c e s  of t h e  s e n s o r ,  t h a t  i s ,  t h e  
area be tween t h e  e lectrodes.  The r a t e  a t  which  t h i s  

t a k e s  p l a c e  i s  a f f e c t e d  by t h e  geomet ry  of t h e  a c t i v e  
s u r f a c e s  and  t h e  t e m p e r a t u r e .  Some es t imates  of t h e  
m a g n i t u d e  of t h i s  e f f e c t  h a v e  b e e n  made f o r  t h e  t h r e e  
g e o m e t r i e s  which have  b e e n  d i s c u s s e d  i n  t h i s  r e p o r t .  
These  es t imates  a re  based  upon a n  e x t r a p o l a t i o n  of 
p u b l i s h e d  f i g u r e s  f o r  t h e  v a p o r  p r e s s u r e  of p h o s p h o r u s  
pentoxidp a s  a function of t e m p e r a t u r e .  The mass 

e v a p o r a t e d  per  u n i t  e m i t t i n ?  a rea  as a f u n c t i o n  of 

t i m e  i s  o b t a i n e d  from t h e  Langmuir  e q u a t i o n ; t .  I n  t h e  
case of a c o m p l e t e l y  exposed  s i n g l e  f l a t  p l a t e  w i t h  a 
c o a t i n g  t h i c k n e s s  of a b o u t  1 0 0  A and a t e m p e r a t u r e  of 
1 8 0 ° K  t h e  u s e f u l  l i f e  would be somewhat less  t h a n  o n e  

week. With t w o  f l a t  p l a t e s ,  a c t i v e  s u r f a c e s  f a c i n g  
o n e  a n o t h e r  and  s e p a r a t e d  by a b o u t  0 . 0 5  mm and  t h e  whole  
u n d e r  t h e  same c o n d i t i o n s  of t e m p e r a t u r e  and  p r e s s u r e ,  
t h e  u s e f u l  l i f e  migh t  b e  w e l l  o v e r  a y e a r .  S i m i l a r l y  

t h e  t u b u l a r  h e l i c a l l y  wound e l e m e n t  w i t h  a n  e x t e r n a l  
d i a m e t e r  of a b o u t  0 . 5  mm b u t  w i t h  q u i t e  g ross  amounts  

of p h o s p h o r u s  p e n t o x i d e  m i g h t  be e x p e c t e d  t o  l a s t  for 
s e v e r a l  y e a r s .  Each i n c r e a s e  i n  t e m p e r a t u r e  of l O O O K  

i n  t h i s  area would cause a p p r o x i m a t e l y  a n  o r d e r  of 
m a g n i t u d e  and  a h a l f  increase  i n  t h e  r a t e  of l o s s  of 
mater ia l .  

CtLangrnuir, I . ,  1 9 1 3 :  The Vapor  P r e s s u r e  of Meta l l ic  
T u n g s t e n .  Phys .  Rev. ,  2 ,  3 2 9 .  ~- - 
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D .  L a b o r a t o r y  Equipment 

All t h e  equ ipmen t  n e c e s s a r y  for t h i s  t y p e  of a 
program was n o t  immedia t e ly  a v a i l a b l e  a t  t h e  MRI 
f a c i l i t y  and t h e r e f o r e  s e v e r a l  l a b o r a t o r i e s  which 
s p e c i a l i z e  i n  vacuum-depos i t i on  p i e c e  w o r k  were 

c o n t a c t e d  for q u o t a t i o n s  on  a s m a l l  number of s p e c i a l  
p a r t s  f o r  t h e  i n i t i a l  t e s t s .  The r e s p o n s e  w a s  d i s -  
a p p o i n t i n g  i n  t h a t  t h e  d e l i v e r i e s  and  p r i c e s  were o u t  
of p r o p o r t i o n  t o  t h e  scope  of t h e  c o n t r a c t .  S i n c e  it 
w a s  f o r e s e e n  t h a t  p r o b a b l y  s e v e r a l  v a r i a t i o n s  of 
mater ia l ,  t h i c k n e s s ,  and g e n e r a l  t e c h n i q u e  would b e  
r e q u i r e d  b e f o r e  a n y  w o r t h w h i l e  r e s u l t s  c o u l d  be  
e x p e c t e d ,  i t  w a s  d e c i d e d  t o  a c c o m p l i s h  a l l  e x p e r i m e n t a l  
aL-llL3"I - - - - A -  F-k-;n-+;nn L U Y L  ----- 1 5  e n + i v ~ l y  i n - h o u s e  e f f o r t .  

A s m a l l  vacuum s y s t e m  and  power s u p p l y  s u i t a b l e  

f o r  l i m i t e d  e v a p o r a t i o n  work was se t  up .  

Some vacuum m o n i t o r i n g  equ ipmen t  was made a v a i l -  

able  by t h e  c o n t r a c t i n g  a g e n c y .  

6 



11. EXPERIMENTAL EFFORT, RESULTS, AND CONCLUSIONS 

A. F a b r i c a t i o n  Techn ique  

The t e c h n i q u e  employed f o r  o b t a i n i n g  t h e  d e p o s i t e d  

g r i d s  shown t y p i c a l l y  i n  F i g s .  1 and  3 w a s  c o n v e n t i o n a l .  
T h a t  i s ,  t h e  s u b s t r a t e  w a s  mounted i n  a p r e c i s e  f i x t u r e  

( s ee  F i g .  2 )  above  t h e  e v a p o r a t i o n  s o u r c e  and  t h e  
d e p o s i t e d  p a t t e r n s  c o n t r o l l e d  by a c c u r a t e l y  mask ing  t h e  

areas t o  b e  l e f t  u n c o a t e d .  

A l l  t h e  masks were f a b r i c a t e d  from 0 . 0 0 3  i n c h  
t h i c k  s t a i n l e s s  s t e e l .  E n l a r g e d  p a t t e r n s  of t h e  mask 
were l a i d  o u t ,  p h o t o g r a p h i c a l l y  r e d u c e d ,  a n d  t r a n s f e r r e d  

t o  t h e  a c t i n i c a l l y  s e n s i t i z e d  s u r f a c e  of t h e  s h e e t s  of 
mater ia l  f rom which  t h e  masks were t o  b e  made. The 

d e s i r e d  p a t t e r n s  were t h e n  o b t a i n e d  by c h e m i c a l  e t c h i n g .  
I n  f o r m i n g  t h e  g r i d  p a t t e r n  it was n e c e s s a r y  t o  f o l l o w  
a t w o - s t e p  e v a p o r a t i o n  p r o c e s s .  F i r s t  t h e  c o n d u c t i n g  

f i n g e r s  o f  t h e  g r i d  were d e p o s i t e d  and  t h e n  t h e  f i x t u r e  
removed,  a new mask i n s t a l l e d ,  and  t h e  ma in  c o n d u c t o r s  
or b u s s e s  j o i n i n g  t h e  i n d i v i d u a l  f i n g e r s  l a i d  down i n  

a s e c o n d  d e p o s i t i o n .  F i g u r e  2 shows t h e  mask f o r  t h e  
f i n g e r s  i n  p l a c e  i n  t h e  h o l d i n g  f i x t u r e .  A t h i r d  mask 
a n d  e v a p o r a t i o n  c y c l e  w a s  t h e n  u s e d  t o  e s t a b l i s h  a l a y e r  
of p h o s p h o r u s  p e n t o x i d e  which c o m p l e t e l y  c o v e r e d  t h e  

u n c o a t e d  s p a c e  be tween t h e  f i n g e r s  and  j u s t  o v e r l a p p e d  
t h e i r  e d g e s  t o  f o r m  w h a t  w a s  d e s i g n e d  t o  be  a homo- 
g e n e o u s  l a y e r  of e l e c t r o l y t e  be tween  a d j a c e n t  e l e c t r o d e s .  

I n  c o n c e p t  t h e  p r o c e s s  of s o l i d ,  t h i n ,  f i l m  c o a t i n g  

by e v a p o r a t i o n  i n  vacuum i s  q u i t e  s i m p l e ,  b u t  i n  p r a c -  
t i c e  t h e  r e s u l t s  a r e  i n f l u e n c e d  or c o n t r o l l e d  by  many 

v a r i a b l e s  s u c h  t h a t  t h e  p r o c e s s  i s  a s  much a n  a r t  as a 
s c i e n c e .  The equipment  which w a s  p r o v i d e d ,  t h e r e f o r e ,  
w h i l e  m i n i m a l  a n d  u n s o p h i s t i c a t e d ,  w a s  i n t e n d e d  t o  b e  
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a d e q u a t e  f o r  t h e  p r o d u c t i o n  of t h e  v a r i e t y  o f  
e x p e r i m e n t a l  p r o t o t y p e s  wh ich  would b e  n e c e s s a r y  t o  
s t u d y  t h e  f e a s i b i l i t y  o f  t h i s  t h i n  f i l m ,  f l a t  p l a t e  

a p p r o a c h .  

D e p o s i t e d  g r i d s  of g o l d ,  p l a t i n u m ,  aluminum, 
p a l l a d i u m ,  t u n g s t e n ,  n i ch rome ,  i n c o n e l ,  i n d i u m ,  a n d  
i r i d i u m  were a t t e m p t e d .  All o f  these  were e v a p o r a t e d  

o n t o  g l a s s  a n d  a l u m i n a  s u b s t r a t e s  w i t h  more or less 
s u c c e s s  w i t h  t h e  e x c e p t i o n  of i r i d i u m .  

E .  Summary of t h e  E x p e r i m e n t s  a n d  R e s u l t s  

The f i r s t  t e s t s  were made w i t h  t h e  c o n f i g u r a t i o n  

shown i n  F i g .  1. I t  c o n s i s t e d  o f  a number of d e p o s i t e d  

g r i d s  o f  g o l d  on  a n  a l u m i n a  s u b s t r a t e .  The e l e c t r o l y t e ,  
which  c o n s i s t e d  of a s o l u t i o n  of 5 p e r  c e n t  c o n c e n r r a T e 6  
p h o s p h o r i c  a c i d  i n  a c e t o n e  w a s  p a i n t e d  on t h e  g r i d s  as 
r e q u i r e d .  T h i s  p h y s i c a l  a r r a n g e m e n t  d i d  n o t  l e n d  
i t s e l f  t o  i n c o r p o r a t i o n  i n  a c l o s e d  c e l l  of t h e  t y p e  

which  would a l low v o l u m e t r i c  a n a l y s i s  of t h e  m i x i n g  
r a t i o  b u t  i t  d i d  s e r v e  t o  show f i r s t  of a l l  t h a t  t h e  
c e l l  worked and  a p p e a r e d  t o  h a v e  a r a p i d  r e s p o n s e  t o  
small  c h a n g e s  i n  a t m o s p h e r i c  m o i s t u r e .  I t  w a s  a l s o  
o b s e r v e d  t h a t  t h e  a p p a r e n t  r e s i s t a n c e  o f  t h e  c e l l  w i t h  
a c o n s t a n t  v o l t a g e  across it and  i n  e q u i l i b r i u m  w i t h  
a p p r o x i m a t e l y  t h e  same p a r t i a l  o f  water  v a p o r  g r a d u a l l y  
i n c r e a s e d  w i t h  t i m e  of' o p e r a t i o n .  M i c r o s c o p i c  o b s e r -  
v a t i o n  r e v e a l e d  t h a t  t h e  g e n e r a t i o n  of g a s  a t  t h e  
p o r o u s  e d g e s  of t h e  e l e c t r o d e s  w a s  c a u s i n g  m e c h a n i c a l  

d i s r u p t i o n  of t h e  go ld  f i l m  a n d  c o n s e q u e n t  l o s s  of 

c o n t i n u i t y  be tween  s u c c e s s i v e  s e c t i o n s  of e l e c t r o d e .  

The r a t e  of d e t e r i o r a t i o n  w a s  r o u g h l y  p r o p o r t i o n a l  t o  
t h e  c u r r e n t  d e n s i t y .  The g r o w t h  o f  some w h i t e  non- 

d e l i q u e s c e n t  c r y s t a l s  a n d  a d i s c o l o r a t i o n  of t h e  

e l e c t r o d e  f r a g m e n t s  s u g g e s t e d  t h e  D o s s i b i l i t y  o f  some 
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c h e m i c a l  r e a c t i o n  i n  a d d i t i o n  t o  t h e  b r e a k i n g  down of 
t h e  p h o s p h o r i c  a c i d .  

The p a r t i c u l a r  g o l d  f i l m s  i n v o l v e d  i n  t h i s  f i r s t  
e x p e r i m e n t  w e r e  v e r y  c a r e f u l l y  p r e p a r e d  a n d  d i s p l a y e d  
v e r y  good a d h e s i v e  q u a l i t i e s .  The m e c h a n i c a l  d i s r u p t i o n  
i n d i c a t e d  a m a j o r  problem b u t  t h e  p o s s i b i l i t y  o f  some 
c h e m i c a l  i n t e r a c t i o n  was n o t  r u l e d  o u t .  

A f u r t h e r  s e r i e s  of  c e l l s  were made u p ,  as shown 

i n  F i g .  3 ,  u s i n g  p l a t i n u m  as a c o n d u c t o r .  The r e s u l t s  

were u n i v e r s a l l y  d i s a p p o i n t i n g  i n  t h a t  t h e  c o n t i n u i t y  
of t h e  c o n d u c t o r s  c o n t i n u e d  t o  b r e a k  down. Some con-  

s i d e r a b l e  t i m e  was s p e n t  i n  a t t e m p t i n g  t o  improve  t h e  

a d h e s i o n  o f  t h e  f i l m .  

The s u r f a c e  c o n d i t i o n  o f  t h e  s u b s t r a t e  i s  of v i t a l  
i m p o r t a n c e  a t  t h e  t i m e  of a r r i v a l  o f  t h e  c o n d e n s i n g  
v a p o r .  I f  s u r f a c e  c o n t a m i n a n t s  a r e  p r e s e n t  p r i o r  t o  
d e p o s i t i o n ,  t h e  condensed  a toms  do n o t  come d i r e c t l y  
u n d e r  t h e  a t t r a c t i v e  f o r c e s  of t h e  s u b s t r a t e  a toms .  
The s t r u c t u r e  o f  t h e  condensed  f i l m  i s  a l s o  d e p e n d e n t  
upon t h e  s u r f a c e  e n e r g y  r e l a t i o n s h i p s  a t  t h e  i n t e r -  
f a c i a l  boundary  a t  t h e  t i m e  of i t s  f o r m a t i o n .  I f  t h e  
c o h e s i v e  f o r c e s  a re  l e s s  t h a n  t h e  i n t e r f a c i a l  f o r c e s ,  
t h e  c o n d e n s i n g  a t o m s  t e n d  t o  c o a l e s c e  t o  form d i s c r e t e  
d r o p l e t s  r a t h e r  t h a n  a c o h e r e n t  f i l m .  I t  w a s  n o t e d  
when t h e  a l u m i n a  s u b s t r a t e  w a s  r a i s e d  t o  y e l l o w  h e a t  

a f t e r  d e p o s i t i o n  o f  t h e  f i l m  t h a t ,  a l t h o u g h  t h e  a p p e a r -  
a n c e  o f  t h e  s u b s t r a t e  was n o t  p e r c e p t a b l y  c h a n g e d ,  t h e  

c o a t i n g  had  become e l e c t r i c a l l y  d i s c o n t i n u o u s  i n d i c a t i n g  
t h a t  t h e  c o h e s i v e  f o r c e s  o f  t h e  p l a t i n u m  h a d  been  

dominan t  and  t h e  f i l m  w a s  now i n  t h e  form o f  l a r g e l y  
d i s c o n n e c t e d  and  d i s c r e t e  d r o p l e t s .  The n o b l e  m e t a l s  

fo rm c h a r a c t e r i s t i c a l l y  poor bonds  w i t h  g l a s s  which  

a r e  improved  by p r e c o a t i n g  t h e  s u b s t r a t e  w i t h  a metal 
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o x i d e .  O f  t h e  t w o  t y p e s  of s u b s t r a t e s  which  were 
c h o s e n  f o r  t h e s e  t e s t s ,  t h e  g round  a l u m i n a  s h o u l d  

h a v e  p r o v i d e d  e x c e l l e n t  m e c h a n i c a l  bond ing  and  n o t  
have  been  i n c o m p a t i b l e  w i t h  a d h e s i v e  bondin,?.  

A n i t r o g e n  c o l d  t r a p  was i n s t a l l e d  between t h e  
e v a p o r a t i o n  chamber  a n d  t h e  o i l  d i f f u s i o n  pump. The 
vacuum s y s t e m  was e x t e n s i v e l y  worked o v e r  t o  o b t a i n  
t h e  maximum pumping c a p a c i t y  a f f o r d e d  by t h e  two- inch  

pump arid t o  r e d u c e  t h e  i n e v i t a b l e  l e a k  r a t e .  The 
d e p o s i t i o n  r a t e  was v a r i e d .  The t e m p e r a t u r e  of t h e  

s u b s t r a t e  w a s  v a r i e d .  Phosphorus  p e n t o x i d e  w a s  u sed  
as a n  open  d e s i c c a n t  i n  t h e  chamber .  The s y s t e m  was 
baked  o u t  a t  h i g h  t e m p e r a t u r e  b e f o r e  e a c h  d e p o s i t i o n .  

The r e f i n e m e n t s  i n  p r o c e d u r e  whicn  nave  bee11 

summar i ly  m e n t i o n e d  i n  p r e c e d i n g  p a r a g r a p h s  w e r e  m e t  

w i t h  no  s i g n i f i c a n t  success i n  i n c r e a s i n g  t h e  a d h e s i o n  
of t h e  p l a t i n u m  and t h e  s u b s t r a t e  when s u b j e c t e d  t o  
t h e  o p e r a t i n g  c o n d i t i o n s  of t h e  e l e c t r o l y t i c  c e l l .  

The s c o p e  of t h e  e x p e r i m e n t a l  e f f o r t  w a s  t h e r e -  
f o r e  e n l a r g e d  and  t h e  o t h e r  p o s s i b l e  e l e c t r o d e  
mater ia l s  were i n v e s t i g a t e d .  These  were s e l e c t e d ,  
some b e c a u s e  t h e y  were a v a i l a b l e  and some on t h e  b a s i s  
of t h e i r  c o m p a t i b i l i t y  w i t h  e x p o s u r e  t o  moi s t  a i r ,  
p h o s p h o r i c  a c i d ,  and  t h e  p r o d u c t s  of e l e c t r o l y s i s ;  i n  
p a r t i c u l a r ,  p a l l a d i u m ,  i n d i u m ,  aluminum, i n c o n e l ,  

i r i d i u m ,  rhod ium,  i r o n ,  t i n ,  s i l v e r ,  and  n i c k e l .  

E v a p o r a t i o n  was, i n  g e n e r a l ,  c a r r i e d  o u t  from t u n g s t e n  
o r  t a n t a l u m  b o a t s  o r  m u l t i p l e  w i r e  f i l . a m e n t s .  IJndoubt- 
e d l y  some of t h e s e  m a t e r i a l s  were c o n t a m i n a t e d  w i t h  t h e  
s o u r c e  o r  h e a t e r  m a t e r i a l .  Very  c o n s i d e r a b l e  e f f o r t  
was expended i n  a t t e m p t s  t o  e v a p o r a t e  t h e  i r i d i u m ,  b u t  
t h e  h i g h  t e m p e r a t u r e s  c a u s e d  s e v e r a l  s p e c i a l  r e q u i r e -  

men t s  which were a l l  beyond t h e  c a p a c i t y  of  t h e  
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equ ipmen t  and  s e t u p .  Of t h e s e  new mater ia ls  p a l l a d i u m  
on  t h e  a l u m i n a  s u b s t r a t e  a p p e a r e d  t o  be  t h e  b e s t  
c o m b i n a t i o n ,  b e i n g  s l i g h t l y  s u p e r i o r  t o  p l a t i n u m  b u t  

n e v e r t h e l e s s  s t i l l  s u b j e c t  t o  breakdown when o p e r a t i n g  

i n  t h e  c e l l .  The s u b s t r a t e  c o a t i n g  bonds  were b r o k e n  

down as a f u n c t i o n  of t h e  q u a n t i t y  o f  water  d i s -  
s o c i a t e d .  The q u a l i t y  of t h e  d e p o s i t i o n s  w a s  o n l y  
f a i r  and  it i s  q u i t e  p o s s i b l e  t h a t  w i t h  more s o p h i s -  
t i c a t e d  e v a p o r a t i o n  equ ipmen t  and  improved t e c h n i q u e s  
a v e r y  l a r g e  improvement c o u l d  be made i n  t h e  h a l f -  

l i f e  o f  t h e  c e l l .  W i t h  t h e  t w o - i n c h  e v a p o r a t o r  
which w a s  u s e d ,  t h e  pumping r a t e s  were t o o  low t o  

e s t a b l i s h  and  m a i n t a i n  a c l e a n  s y s t e m .  S u b s t r a t e  
s u r f a c e s  were t h e r e f o r e  c o n t a m i n a t e d ,  c e r t a i n l y  w i t h  
water and  o t h e r  g a s e s  f rom t h e  e v a p o r a t i n g  cnamber  CIIIC; 

v e r y  l i k e l y  f r a c t i o n s  f rom t h e  o i l  d i f f u s i o n  pump. 
The i n s e r t i o n  of  a second  c o a t i n g ,  p e r h a p s  a m e t a l  

o x i d e ,  be tween  t h e  c o n d u c t o r  a n d  t h e  s u b s t r a t e  m i g h t  
e f f e c t  a c o n s i d e r a b l e  improvement  i n  t h e  i n t e r f a c i a l  

bond.  S i n c e  i n v e s t i g a t i o n s  h a v e  n o t  d i s c o v e r e d  a 
c l e a r - c u t  r e a s o n  why a vacuum d e p o s i t e d  g r i d  c a n n o t  
be  made t o  work i n  t h i s  a p p l i c a t i o n ,  t h e n  t h e  l i m i t e d  

s u c c e s s  t h a t  h a s  been  a c h i e v e d  i n d i c a t e s  t h a t  improve-  

men t s  c a n  be  made. However t h e  d i s r u p t i v e  e f f e c t s  i n  
t h e  e l e c t r o l y t i c  c e l l  a re  so s e v e r e  t h a t  a n  e x t r e m e l y  
s t r o n g  and  s t a b l e  i n t e r f a c i a l  bond w i l l  b e  r e q u i r e d .  

C .  The P r o t o t v D e  F l a t  P l a t e  C e l l  

Most of t h e  e f f o r t  had  been  d e v o t e d  t o  t h e  f a b r i -  
c a t i o n  o f  a d e p o s i t e d  g r i d  s i n c e  i t  would b e  t h e  b a s i c  
f ramework o f  t h e  s e n s o r .  

A s  t h e  p r o c e s s  was r e f i n e d  and  some p r o g r e s s  w a s  
made, a t  l e a s t  t o  t h e  p o i n t  where  t h e  s e n s o r  p l a t e  was 
m e c h a n i c a l l y  s t a b l e  enough f o r  l i m i t e d  e v a l u a t i o n ,  a 
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p r o t o t y p e  c e l l  w a s  f a b r i c a t e d  (see F i g .  7 ) .  Some of 

t h e  r e a s o n s  f o r  t h e  c h o i c e  of c o n f i g u r a t i o n  have  been  

g i v e n  i n  a p r e c e d i n g  s e c t i o n .  By way of compar ing  
t h i s  geomet ry  w i t h  t h a t  of t h e  t u b u l a r  e l e m e n t ,  it c a n  

b e  s a i d  t h a t  a l t h o u g h  t h e  s p a c i n g  be tween a d j a c e n t  
e l e c t r o d e s  on  t h e  p l a t e  w a s  f i v e  t imes g r e a t e r  t h a n  i n  
t h e  t u b u l a r  e l e m e n t ,  t h e  a c t i v e  a r ea ,  t h a t  i s ,  t h e  
area o v e r  which  a p o t e n t i a l  g r a d i e n t  e x i s t e d ,  was 
f i f t e e n  times g r e a t e r  and t h e  a c t i v e  s u r f a c e  area p e r  
u n i t  volume of c h a n n e l  was e i g h t  t i m e s  g r e a t e r ,  a n d  

t h u s  t h e  c a p t u r e  r a t e  of t h i s  p l a t e  u n i t  f o r  s p a r s e  

water  d i s t r i b u t i o n s  s h o u l d  b e  c o n s i d e r a b l y  g r e a t e r .  

The p r o t o t y p e  f u n c t i o n e d  r e l i a b l y  i n  t h a t  t h r o u g h  
- - - * .  l A , L L * . J  - , -- - - nf n ? e r a t i o n  i n  which t h e  sampled  a i r  w a s  
v a r i e d  from s a t u r a t e d  t o  c o m p a r a t i v e l y  d r y  no  b l o c k a g e s  
or d i s c o n t i n u i t i e s  of o u t p u t  were o b s e r v e d .  The 
s a t u r a t e d  a i r  w a s  o b t a i n e d  by c a p p i n g  t h e  s e n s o r  i n  
t h e  c a l m  of a m o i s t e n e d  band a n d  t h e  d r y  a i r  from o v e r  

a c o v e r e d  t r a y  of  c a l c i u m  c h l o r i d e  d e s i c c a n t .  The c e l l  

w a s  exposed  t o  t h e  a tmosphe re  for a n  e x t e n d e d  p e r i o d  

and  upon a c t i v a t i o n ,  a l t h o u g h  s a t u r a t e d ,  d r i e d  o u t  
e l e c t r o l y t i c a l l y  q u i t e  s m o o t h l y  w i t h  none of t h e  
a p p a r e n t  i n t e r m i t t e n t  o p e r a t i o n  which  i s  c a u s e d  by 
b u b b l e s  i n  t h e  t u b u l a r  e l e m e n t  and  i s  f r e q u e n t l y  a 
c a u s e  of i t s  f a i l u r e .  A s  t h e  c o n t i n u i t y  of t h e  elec- 
t r o d e s  d e t e r i o r a t e d ,  t h e  r e s p o n s e  and s e n s i t i v i t y  of 

t h e  c e l l  d e t e r i o r a t e d  p r o p o r t i o n a l l y  b u t  no  s h o r t s  
d e v e l o p e d .  I n  g e n e r a l ,  t h e  n e c h a n i c a l  o b j e c t i v e s  of 
t h e  f l a t  p l a t e  s e n s o r  were m e t .  The c e l l  w a s  demon- 
s t r a b l y  more r e l i a b l e  t h a n  t h e  t u b u l a r  e l e m e n t  e x c e p t  

i n  t h e  a rea  of e l ec t rode  o p e r a t i o n a l  l i f e .  

I t  had  been  o b s e r v e d  t h a t  when s i n g l e  f l a t  p l a t e  

c e l l s  were l e f t  a c t i v a t e d  i n  a c a l c i u m  h y d r o x i d e  

d e s i c c a t e d  a i r  for long  p e r i o d s ,  of t h e  o r d e r  of 
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1 0 0  h o u r s  or so ,  and  t h e n  r e t u r n e d  t o  room e n v i r o n -  

m e n t a l  a t m o s p h e r e  t h e  manner i n  which  t h e  r a t e  of 
d i s s o c i a t i o n  r e s p o n d e d  t o  t h e  s t e p  f u n c t i o n  was e r r a t i c  
and much s lower t h a n  would be  e x p e c t e d .  Once h a v i n g  
been  s a t u r a t e d ,  t h e  sensor a p p e a r e d  t o  r e s p o n d  i n  a 
no rma l  manner  t o  f l u c t u a t i o n s  i n  ambien t  a t m o s p h e r i c  

m o i s t u r e .  

T h i s  b e h a v i o r  s u g g e s t e d  t h e  i n f l u e n c e  of some 
s u r f a c e  c h e m i s t r y  e f f e c t  u n i q u e l y  a s s o c i a t e d  w i t h  t h e s e  
f i l m s .  

A t  t h i s  t i m e  it was r e c o g n i z e d  t h a t  t h e  u n a n t i c i -  
p a t e d  d i f f i c u l t i e s  i n v o l v e d  i n  t h e  deve lopmen t  o f  t h e  

f l a t  p l a t e  s e n s o r  had  changed  t h e  b a l a n c e  of t h e  e f f o r t  

as o r i g i n a l l y  p l a n n e d .  I I I C  u u J L L - c I v . - . y  zf tho Fvoyrarn 
were r e a s s e s s e d  a n d  c e r t a i n  o f  t h e  r e q u i r e m e n t s  which  

were now r e d u n d a n t  were d e l e t e d .  I t  w a s  f e l t  t h a t  
p rob lems  e n c o u n t e r e d  i n  t h e  deve lopment  of t h e  t h i n  
f i l m  s e n s o r  would b e n e f i t  f r o m  a n  e x t e n d e d  a n d  more 
l e i s u r e l y  c o n s i d e r a t i o n  and  a n  e x t e n s i o n  of t h e  t i m e  
o f  t h e  o r i E i n a l  c o n t r a c t  w a s  t h e r e f o r e  a p p r o v e d .  

- 7  - L 2  --+:.,-- 

A summary of t h e  i n v e s t i g a t i o n s  which  h a v e  been  
c a r r i e d  o u t  d u r i n g  t h i s  e x t e n s i o n  i s  p r e s e n t e d  i n  

Appendix A .  
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APPENDIX A 

CONDUCTION IN THIN PHOSPHORIC ACID FILMS 

Nature of H7O adsorption on P70c 

Pz05  is vacuum deposited on a rough sur face .  
ness  (or  average height) f r o m  peak to valley i s :  

The es t imated  rough- 

2 to 25 x 10-6crn (1) 

for  a lapped o r  polished surface.  
for  an  alumina subs t ra te  may be up to 400 x 
thickness of the film is in the order  of 2 x 
equal  a r e a  deposition, the P 2 0 5  layer  should conform to the topo- 
graphy of the or iginal  surface.  

The actual roughness,  par t icu lar ly  
The calculated 

c m ,  s o  assuming 

In F igure  1 See F igure  1. 

I 

Figure 1. 

ac tua l  deposition of the mater ia l  may have concentrated in the lows o r  
at the peaks,  leaving b a r r e n  zones between a semicontinuous P2O5 l aye r .  

The  existence of an electrode-induced field a c r o s s  the, sur face  of this 
c raggy layer  should produce electronic deficiencies and surp luses  on 
these peaks.  
and ine r t  subs t ra te  would a l l o w  these charges  to p e r s i s t .  
would be concentrated on the surfaces  exposed to the cathode and de- 
f ic iencies  occur  on the anode. 

The nonconducting, dielectr ic  proper t ies  of the P2O5 
Elec t rons  

See F igu re  2 .  
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Figure 2. 

The  induced charges  would be most  pronounced near  the two e lec-  
t rodes  and weak in the center .  Water molecules ,  passing over  the 
sur face  have a natural  dipole. They would be a t t rac ted  toward the 
e lec t rodes  and line themselves  up on these charged su r faces .  The 
effect  would be to have the water concentrate a t  the e lec t rodes  first 
and slowly sp read  toward the center a s  the quantity increased .  A t  
s o m e  undetermined HzO concentration, the two H20 lenses  would 
coalesce and conduction between the e lec t rodes  could be effected. 

Figure 3 .  

Disassociat ion of H3P04 

The H 3 P 0 4  generated f r o m  the combination of H20 and P2O5 has  a 
norma l  ionization. The steps followed a r e :  
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H3PO4 --+ Hi + H2PO4: - 

H ~ P O ~  -, H+ + H P O ~  

H P 0 4  --3 H+ +po4 
- 

- - 
t - 

F o r  conduction to  occur ,  H 
H P 0 4  o r  H2P04-  mus t  migrate  to  the cathode. Normally phos- 
phoric  acid ionizes t o  the f i r s t  mode Ht t H2P04-  
the imposed potential f ie ld  would cause  rapid pumping of the smal l  
mobile H ion to  the anode. 
fur ther  ionization of H3P04  until the react ion went t o  completion. 

must mig ra t e  t o  the anode and PO4  , - - 

only. However,  

The removal  of Hi would faci l i ta te  the t 

Elec t ro -osmos i s  of charged phosphate radicals  would be slow relat ive 
to H migration. A n  Ht overcharge would develop at the anode, while 
the remaining solution would become distinctly basic ,  the P H  changing 
rapidly f r o m  acidic to  Dasic. 
the sur face  tension of the solution. 
it might p a r t ,  forming beads and stopping any fur ther  migrat ion of 
ions .  Only when sufficient additional H20 had been added to  br idge 
the gap would conduction resume.  

t 

A sudden change in the P H  would a l t e r  
If the conducting l a y e r  were  thin, 

Assuming that the conductive phosphoric acid l a y e r  has  not broken, 
f u r t h e r  problems a r i s e .  The unreacted P205 and the s u b s t r a t e  would 
still posses s  induced sur face  charges.  
at the highs on the s u b s t r a t e  would buck the overal l  electrode-induced 
f ie ld .  
ing f ie lds ,  fur ther  slowing the conductivity of the thin film. 
a point where the H 3 P 0 4  film w a s  l a r g e  relat ive to  the distance f r o m  
the s ubs t r a t e  would r l G  r mal e le c t r ol  ytic c onduc t ion p r oc e e d . 

The loca! f ie lds  generated 

Phosphate ions would have to work uphill against  weak oppos- 
Only at 

A c u r r e n t  could flow through the e x t e r n a l  c i r cu i t  only when the 
anions had been neutral ized a t  the cathode. 
and  generation of oxygen requires  4 PO4' ions. 

The complete d ischarge  

At ex t remely  low concentration of these ions,  the existence of a rigid 
l a y e r  of water  approximately thick at the electrode su r face  
impedes the movement of migrating spec ies .  This r ig id  layer  has 
been m e a s u r e d  and proves  to  be rather nonconductive to  mass t r a n s -  
fer  and heat  flow. The development of a n  electrokinetic impeding 
double l a y e r  f u r t h e r  aggravates the coalescence and discharge of 
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these ions at low concentrations 

Gouy’s diffuse double l a y e r  has  a thickness which is inverse ly  propor-  
tional to the concentration of electrolyte.  
change in  thickness with concentration. 6 is the double layer  
thickness in cm.  

Table No. 1 shows the 

h0 is the rigid layer  thickness in c m .  

Table No. 1. 

Variation of 6 with Electrolyte  Concentration C 

C Electrokinetic b o  c m  
Impeding Laye r  Rigid Stag- 

6 c m  nant Laye r  

0. 00001 N 
0. 001 N 
0.1 N 

10- 5 
10-6 
10-7 

10-6 
10-6 
10- 

Physical ly  the double layer  simply implies  tha t  the ions a r e  s t rung  
out into the solution r a t h e r  than being c lose  to  the electrode.  They 
a r e  moving in  a weak field predominated by neut ra l  o r  undisassociated 
molecules .  
and the complete dissassociat ion of H3PO4 to  PO4- would place t h e m  
in  a f ie ld  dominated by s imi la r ly  charged,  mutually repulsive P 0 4 - 3  
ions.  Electrokinet ic  interference with s t r a y  induced f ie lds  f r o m  the 
s u b s t r a t e  and with each other  would slow migrat ion and interact ion 
at the electrode.  

In this c a s e ,  the rapid s t r ipping of H t .. f r o m  the solution - 

Once the P04-3 reac ted  at the cathode to  r e l e a s e  oxygen and init iated 
the discharge of Ht a t  the anode, the react ion product would be P205.  
Pumping of P 2 0 5  and electrodeposition at the cathode would r e s u l t  
i n  eventual depletion of the layer in the vicinity of the anode, 

S u m m a r y  

Induced dipoles on the extended pro t rus ions  of the rough substrate 
could influence the deposition of HzO. 
place until these  zones had coalesced. 

Conduction would not take 
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Rapid pumping of H+ ions to the anode would change the P H  of the 
solution. 
conductive layer .  

Slow migrat ion of PO4 
stagnant layer  at the electrode interface.  
would be produced. 

An attendant change in  the s u r f a c e  tension could b r e a k  the 

- 3  
ions would be fur ther  impeded by the rigid,  

An extended double l aye r  

Low probability of the phosphate ions coming together in this region 
and discharging 02 would slow the c u r r e n t  flow in an  outside c i rcu i t .  

Electrodeposit ion of P205  at the cathode could deplete the conduc- 
t ive l aye r  in  the vicinity of the anode, thus breaking the c i rcu i t .  

The dimensions of the average surface roughness,  the thin film thick- 
ness  and the rigid and double layers  a r e  a l l  near ly  the s a m e .  
ference effects probably overr ide the n o r m a l  conductive proper t ies  
of the solution. 

In te r -  
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